Abstract: Vibrationally resonant sum-frequency generation microscopy is a member of the family of nonlinear optical microscopy techniques. It enables chemically selective imaging of non-centrosymmetric structures. We present the latest advances in this field.
Recent advances
The applicability of SFG imaging depends on its ease of use and its compatibility with existing multi-modal NLO microscopes. A step in this direction was made in 2011, by using a picosecond synchronously-pumped optical parametric oscillator (OPO) as the light source, which produces high repetition rate radiation in the 2800-3100 cm −1 range. Adopting a collinear excitation geometry, it was shown that fast SFG imaging can be achieved with an unprecedented lateral resolution of 0.6 µm without computational image enhancement [7] A layout of this SFG microscope is shown in Figure 1a . The collinear SFG microscope produces signals that are comparable in magnitude to the SHG signal or the CRS signal in NLO microscopy. In addition, collinear focusing enables multi-modal, nonlinear optical imaging. In Figure 1b ,c, SHG and SFG images of collagen are shown that were simultaneously acquired. SFG uniquely probes vibrational modes with combined IR and Raman activity in χ (2) -active materials, whereas coherent Raman scattering (CRS) visualizes materials based on χ (3) and exclusively probes Raman-active vibrational transitions. [8] Hence, the SFG and CRS techniques complement each other, offering the microscopist a rich palette of unique contrast mechanisms. Recent advances include the implementation of phase-sensitive detection [9] , which enables a direct view of chemical group orientation of molecular compounds in tissue, and the use of polarization sensitive SFG [10] , which allows a detailed examination of the tensorial properties of χ (2) -active materials in the tissue. Although these applications demonstrate the utility of SFG microscopy, several technical challenges remain. Vibrationally sensitive SFG relies on the use of coherent mid-IR radiation. Conventional microscope optics and imaging systems are generally not optimized for guiding laser beams in both the visible range as well as in the mid-IR range. This translates into sub-optimal focusing optics, which prevent focusing properties similar to what can be achieved with visible/near-IR optics. The scanning mirrors used in fast-scanning nonlinear optical microscopes rely on an achromatic scan lens and a tube lens for redirecting the laser beam from the scanner to the back aperture of the objective lens. A reflective-based lens system cannot always be used because the geometrical constrains imposed by standard microscope frames, and the lack of achromatic refractive optics for SFG imaging complicates the implementation of galvanometric laser scanners. This has precluded real-time imaging capabilities in SFG microscopy, and significantly held back the practical use of the technique.
To address these issues, we have designed and fabricated new scan and tube lenses, which enable achromatic imaging and focusing from the visible to the mid-infrared range. These lenses make it possible to use standard galvanometric scanners and microscope frames for SFG imaging in a multi-model NLO configuration. In addition, we have also examined refractive objective lens systems, which make it possible to generate sub-µm resolution images without the use of reflective optics [11] . Furthermore, we have used a picosecond Yb-fiber laser and a new, improved design of the OPO, delivering tunable radiation in the 2.5 to 4.5 µm range. These improvements make it possible to acquire simultaneous SFG, SHG and CRS images at frames rates of 1 image/s. We will present and discuss imaging results on tissues, including cornea and tendon tissues, using the improved imaging capabilities.
